Based on a recently acquired dense grid of sub-bottom profiles and ultra-high resolution bathymetry, we have studied the postglacial depositional history of a West Norwegian fjord system. This dataset reveals a history of frequent mass failures taking place from all slopes surrounding the main studied sediment basin. The study also shows that present-day conditions may be subject to future mass wasting, as significant sediment volumes are retained on the basin margins. The overall sediment distribution seems to be largely governed by the underlying bedrock morphologies. Earthquakes are considered to represent the most dominant trigger mechanism in the area.
Introduction
The fjord systems situated along the west coast of Norway (Fig. 1A ) represent topographic sediment traps that hold important information with regard to the postglacial depositional history. Nearly all sediments present ly contained within western Norwegian fjords are considered to have been deposited during the deglaciation of the last (Weichselian) ice sheet (Aarseth, 1997) . Mass gravity flows represent important processes within such systems and may have originated in both subaerial and submarine settings. The nature, dimension and frequency of such sediment gravity flows can vary significantly between the different fjord systems (Bøe et al., 2003; Hjelstuen et al., 2009 Hjelstuen et al., , 2013 Bellwald et al., 2016) , representing significant geohazards to both infrastructure and populated regions.
In this study, the fjord basin of the outer Bjørnafjord (Fig. 1A ) has been examined in detail using a dense grid of recently acquired MBE (Multi-Beam Echosounder) and SBP (Sub-Bottom Profile) survey lines (Fig. 1B) . The survey was conducted during the spring and autumn of 2016 by DOF Subsea Norway AS on behalf of the Norwegian public road administration and resulted in the generation of a database containing approximately 770 kilometres of survey data (Fig. 1B) . The acquired data density in this area offers a unique opportunity for detailed studies of the depositional patterns within a fjord setting. For this particular study the objectives of the analyses have been fourfold; (1) identify main depositional processes, (2) establish a chronology for the deposited sediments, (3) determine the amount of sediments present and their distribution, and (4) suggest a trigger mechanism for the identified mass failures.
The investigations were initiated as a consequence of a planned infrastructure (bridge) soon to be built, which required detailed knowledge about the local seabed conditions and overall sediment stability.
Geological setting
The Bjørnafjord is situated on the west coast of Norway, approximately 30 km south of Bergen (Fig. 1A) . It represents a relatively wide and atypical fjord with undulating seabed bathymetry and several sediment basins. The study site is situated in the outer part of the fjord system where the bathymetry appears to be strongly dictated by the bedrock of the Major Bergen Arc system and its pronounced foliation and metamorphic layering (Kolderup & Kolderup, 1940; Wennberg & Milnes, 1994) . Both on the northern and the southern flanks of the main fjord basin there are inclining plateaus of shallower ground (Figs. 2B & 3) . The terrain can be described as rough and water depths change dramatically over even short distances. The bathymetry varies from minimum depths of 7 m in the northeastern part of the study area to maximum depths of about 565 m within the main basin.
The seismic activity in western Norway is relatively high (Ahjos & Uski, 1992) . For Norway and adjacent areas the recurrence interval of a M5 earthquake is estimated to 10 years, while a M7 earthquake is suggested to occur every 1100 years (Bungum et al., 2005) . The seismic activity is largely attributed to isostatic rebound after the last glacial maximum (LGM) and the retreat of the Fennoscandian Ice Sheet (FIS) (Byrkjeland et al., 2000) . The outer Bjørnafjord is considered to have been ice-free since the Early Allerød, about 13.5 cal ka BP, with a readvance of the ice margin to the inner parts of the fjord during the Younger Dryas Chronozone Mangerud et al., 2016) . The further deglaciation, which took place from around 11.6 cal ka BP, is considered to have been very rapid with the ice front located at the head of the major fjords of western Norway only a few hundred years later (Aarseth et al., 1975) .
Data and methods
The bathymetry of the survey area, with its highly undulating terrain, represents a challenging site in terms of collecting data. Consequently, the dataset was acquired using a combination of vessel-based systems and ROV (Remotely Operated Vehicle)-based systems. In general, the deep-water sections and the areas with difficult bathymetry have been surveyed with MV Geosund's ROV while the shallow-water areas and areas close to obstructions have been surveyed with the smaller survey vessel MV Geocat. Roughly 90% of the survey data has been acquired with the use of the ROV. In order to achieve the desired mapping of the seafloor, MV Geocat was fitted with a Kongsberg EM710 system (MBE) and an Innomar Deep (SBP, 1-10 kHz) system. The ROV was fitted with the R2Sonic 2024 (MBE) system, Innomar SES-2000 ROV (SBP primary, 4-22 kHz) and Edgetech 2200-M (SBP secondary, 1-15 kHz). The survey lines are mainly oriented N-S and E-W with an internal spacing of 50 m (Fig. 1B) . Some additional lines have been surveyed in order to improve the MBE resolution of certain localities or to better capture the shallow geology of identified bathymetric features. The ROV platformed systems provided seismic penetrations down to about 50-60 metres, while the vessel based system yielded more than 80 metres of penetration.
The MBE data have been processed by the use of EIVAs software solutions and gridded to a spatial resolution of 0.5 m x 0.5 m. The identified sediment failures in the bathymetric data were mapped in terms of area of origin and area of deposition. The thickness map (isopach) is generated with the software GeoCap and presented with a spatial resolution of 5 m x 5 m ( Fig. 2A) . Delph iXblue was used for the processing and analyses of the acquired sub-bottom data, that provided vertical resolutions down to about 10 cm. For conversion to sediment thicknesses and depths in metres, a velocity of 1500 ms‾¹ has been applied throughout the study. This is in line with other studies of similar deposits from western Norwegian fjords (Hjelstuen et al., 2013; Bellwald et al., 2016) . The seismic data were interpreted based on changes in seismic facies.
Observations and results
The shallow geology of the Bjørnafjord area has been analysed on the basis of the observed seismic character, and two main units, Unit 1 (older) and Unit 2, are identified (Table 1) .
Unit 1 is acoustically non-structural. Some chaotic internal character is observed locally in its upper part. The upper boundary of the unit is characterised by an irregular to highly irregular reflector. Unit 1 crops out on the seabed on some of the steepest sections, in slide scars and in nearshore areas. The top of this unit is defined as acoustic basement and it is considered to reflect bedrock (Figs. 4, 5 & 6) , although it cannot be excluded that locally it may also correspond to till material.
Unit 2 comprises a number of different seismic facies where the main ones are: (a) A thick and transparent sedimentary unit overlying Unit 1, locally also showing a weak internal lamination. This transparent facies can be traced across more or less the entire study area, being thickest within the basins and slightly thinner on the slopes. (b) Well-stratified patterns of high-to lowamplitude reflectors, commonly seen to be draping sub- The thickness and distribution of the postglacial sediment succession is illustrated in the produced isopach map ( Fig. 2A) , which is based on Unit 2. Maximum thicknesses of almost 80 m are observed in the deepest part of the main basin, although the scale in Fig. 2A is limited to 60 m in order to provide more detail on the slope deposits. On the bathymetric slopes there are still significant amounts of sediments preserved showing thicknesses up to 20-30 m, whereas the shallowest areas on both sides of the fjord reveal sediment accumulations that are generally in the order of <5 m thick. The overall sediment distribution is strongly linked to the morphology of the terrain and is hence presented alongside a slope gradient map (Fig. 2B) . In general, it is observed that slopes with higher gradients are associated with more sediment starved areas and that slopes at similar water depths hold sediment accumulations of similar thicknesses.
The seabed along all flanks of the main Bjørnafjorden basin is also perforated by more than 200 circular depressions (Fig. 3) . 
Discussion

Sedimentary processes and chronology
The examined sediment succession in Bjørnafjorden is considered to have been deposited during and after the retreat of the FIS. The seismic stratigraphy and patterns observed within the survey area are comparable to those observed within other western Norwegian fjords where similar seismic data have been analysed (Hjelstuen et al., 2009 (Hjelstuen et al., , 2013 Hjelstuen & Brendryen, 2014; Bellwald et al., 2016) . In the lowermost part of Unit 2 (sub-units a and b) the deposits form a relatively thick, acoustically well laminated sequence with parallel to subparallel reflectors (Figs. 4, 5 & 6) that become more transparent towards the base. This initial part of the sedimentation history is considered to reflect a stage of ice-proximal deposition in which the fjords acted as local sediment traps. We interpret these seismic facies to represent 
Figure 4. SBP profile from the central part of Bjørnafjord illustrating the different seismic facies (a-d) that have been identified. Insert showing the location of the SBP survey line with regard to the produced terrain model.
glacimarine and/or hemipelagic sedimentation (Stoker et al., 2006; Hjelstuen et al., 2009 Hjelstuen et al., , 2013 Lyså et al., 2010) . The glacimarine deposits are overlain by lens-shaped acoustically transparent deposits (Figs. 4, 5 & 6) . The lens-shaped units range in scale from small features tens of metres wide and up to one metre thick, to much largerscale features that extend over several hundred metres and show thicknesses up to about 10 m. The largest feature detected in the surface model is propagating into the main basin from the east (see Fig. 3 ) and the front of this tongue is also apparent in the slope gradient map (Fig. 2B ). These stacked, lens shaped deposits are considered to represent slide debrites (Hjelstuen et al., 2009 (Hjelstuen et al., , 2013 . The lack of erosional features associated with the deposition of these slide deposits, might suggest that they consist predominantly of very soft sediments.
The evidence for these mass failures is seen from both the multi-beam data and the sub-bottom profiler data (Figs. 4, 5 & 6) . Within the uppermost part of the slide zones, the entire sediment succession down to the acoustic basement appears to be incorporated in the slides (Fig.  6 ). Their associated seabed scars are widespread around the flanks of the main basin and along the sides of the gorge-like feature extending from the main basin to the northwestern corner of the study area. More than 45 individual mass failures have been identified and mapped from the surface model alone (Fig. 3) . have affected the region under specific time periods (Hjelstuen et al., 2014) , although it remains to be verified with geotechnical information whether or not this also influenced the deposition within Bjørnafjorden.
The numerous circular depressions observed in and around the areas of mass wasting may, however, also indicate that there are other factors influencing and facilitating these failures. We interpret these depressions as pockmarks and the formation of such pockmarks is mostly caused by the seepage of thermogenic and biogenic gases (Rogers et al., 2006) and the release of pore water (Harrington, 1985) . Such fluid-escape features and their associated fluid movements within the sediments might have lessened the overall stability of the deposits and hence contributed to setting some of these mass failures in motion, as also suggested by Bellwald et al. (2016) . It should be noted that pockmarks and associated shallow gas emissions have been observed in fjords on Svalbard (Baeten et al., 2010; Forwick et al., 2010) , in Scottish fjords (Stoker et al., 2006) and in fjords in northern Norway (Plassen & Vorren, 2003; Morgan et al., 2010) . The importance and influence of these features in relation to the mass wasting remain, however, questionable due to two significant observations. They are not only spatially restricted to the areas subjected to mass wasting, and the analysed sediment failures are mostly seen to affect the entire sediment succession down to the acoustic basement. Also, it cannot be excluded that some of the smaller depressions might correspond to point targets on the seabed that have been subjected to localised circumferential erosion, either through fish activity (e.g., Muniz et al., 2015) or bottom currents.
The data from Bjørnafjorden suggest that oversteepening is not a dominant trigger mechanism in this area. We have not observed any clear signs of focused sediment supply to the surrounding basin margins nor evidence of erosion from contour-parallel currents, which also could have influenced the slope stability.
Keeping the observations and results from this study in mind, the primary focus should be on slope angles for risk assessment with regard to future mass wasting.
been initiated mainly from localities that reveal surface slopes in the order of ~20° or more. In some parts of the study area there are also indications of cross-cutting and/or overlapping gravity flows (Fig. 3) . There are no indications of internal glide planes within Unit 2.
The observed change in the sedimentary patterns may suggest that the initial deglaciation was followed by a stage of rapid glaci-isostatic adjustments (e.g., Bøe et al., 2004; Lyså et al., 2010) that gave rise to a new depositional regime within the fjord system, in which unstable sediments on the slopes were frequently mobilised and redeposited. Estimates from other nearby fjord studies showing a similar depositional development suggest that the shift is associated with the rapid deglaciation taking place after Younger Dryas (Hjelstuen et al., 2009 (Hjelstuen et al., , 2013 Bellwald et al., 2016) . At the stratigraphic top, the deposits are commonly seen to be draped by a thin regional unit that shows little variation in thickness. This unit is most often found to be acoustically transparent (Facies d in Figs. 4, 5 & 6) , but can also contain some weak internal laminations. We interpret these sediments to have been derived predominantly by hemipelagic deposition, but also with contributions from various occasional mass gravity flows.
Sediment distribution and trigger mechanisms
The produced isopach map ( Fig. 2A) suggests that the postglacial supply of sediments to the flanks of the main Bjørnafjord basin has been relatively uniform.
There are no clear indications of any distinct historical depocentres. This is further supported by the observation of sediment gravity flows taking place from all sides of the main basin (Fig. 3) , and not being restricted to any particular section. The most recent gravity flows that are recognisable from the surface model and the SBP data may, however, indicate a somewhat higher contribution of input from the eastern slopes towards the main basin. From the thickness map ( Fig. 2A) it is also clear that significant sediment volumes are still retained on the basin slopes, especially on the northern and eastern sides. These deposits must also be considered as relatively unstable. They share the same origin and have similar topographical constraints as already mass-wasted deposits, and it is hence likely that they will be subjected to future mass wasting. It is, however, difficult to make any assumptions about when and where such failures are going to take place.
Western Norway represents one of the most seismically active areas in Scandinavia (Ahjos & Uski, 1992; Bungum et al., 2005) and it is hence likely that earthquakes could have acted as the main trigger mechanism for such mass failures, as seen for other fjords along the Westand Mid-Norwegian coastline (Bøe et al., 2004) . Other potential trigger mechanisms such as climate change and tsunami induced destabilisations are known to
Conclusions
We have studied sedimentary processes and the postglacial depositional history within a western Norwegian fjord system, by utilising recently collected ultra-high resolution MBE data and SBP profiles. This study shows that:
• Bjørnafjorden contains an up to 80 m-thick sediment package deposited during and after the withdrawal of the LGM ice sheet. The sediment distribution is to a large extent governed by the relief of the underlying bedrock.
• The slopes of the main basin appear to have been supplied with relatively uniform amounts of sediment, as no distinct depocentres are recognised.
• The lower glacimarine unit is covered by a sequence of stacked slide debrites which reach individual maximum thicknesses of approximately 10 m. These slide debrites are commonly draped by a thin layer of hemipelagic sediments.
• Sediment gravity flows are seen to have taken place from all sides of the main basin and there are still significant amounts of potentially unstable deposits retained on the surrounding slopes.
• Earthquakes are considered to represent the most dominant trigger mechanism for the sediment gravity flows within Bjørnafjorden. The analyses and results of this study indicate a history of deposition within Bjørnafjorden that is consistent with observations from other nearby West Norwegian fjord systems. The time span for these developments is therefore also considered to be relatively similar, although this remains to be confirmed by ground truthing. The data show that sediment gravity flows represent the most significant depositional process within the fjord and are also likely to remain so in the future. Potential mass failures therefore constitute a challenge that needs to be carefully assessed in any planned infrastructural development along this sector of the West Norwegian coastline. 
